Introduction {#sec1}
============

For decades, artificial biomaterials and biodevices, including hydrogels, microbeads, electrodes, and biochips, have been developed for various applications. The typical applications include biosensing,^[@ref1]−[@ref3]^ drug delivery,^[@ref4]−[@ref7]^ anti-infection,^[@ref8],[@ref9]^ diagnostics, and therapeutics.^[@ref10]−[@ref12]^ Specifically, injectable micron-sized biomaterials, called microparticles or microbeads, have achieved success in the fields of injectable fillers, and bulking agents,^[@ref13]^ therapeutic embolization,^[@ref14]^ medical imaging,^[@ref15]^ drug delivery,^[@ref16]^ cell encapsulation,^[@ref17]^ and protein or cell separation.^[@ref18]^ For example, injectable microparticles as fillers and bulking agents have been developed to replace tissue volume loss in surgeries to treat stress-incontinence, lipoatrophy, and to induce lip augmentation.^[@ref19]−[@ref22]^ Embolization microparticles were injected into a blood vessel to occlude tumor vasculature, leading to tumor ischemia and necrosis.^[@ref23],[@ref24]^ Also, fluorescent microparticles are used as tracking vehicles to study the dynamic distributions of micro-objects in tissues or vasculature.^[@ref25]^

In spite of the promising applications of microparticles, biofouling caused by the adhesion of biomolecules, cells, and bacteria on the particle surface has substantially hampered practical applications. For example, biomolecules of serum or blood to micron-sized biomaterials triggered cell adhesion, platelet activation, and leukocyte binding, thrombosis, inflammation, and fibrosis.^[@ref26],[@ref27]^ Similarly, bacterial adhesion onto the surface of the microparticles led to biofilms and potentially infectious diseases.^[@ref28]^ Current attempts to prevent cell or bacterial-mediated biofouling relied on the release of anticoagulants and antibiotic compounds or anti-biofouling surface coating (e.g., PEG or Teflon).^[@ref29]−[@ref32]^ However, the usage of chemical compounds increased risks of bleeding, hematoma, and antibiotics-induced drug resistance. Furthermore, surface coatings only exhibited transient effectiveness due to surface damage or degradation. Despite the high demand, it is difficult to develop techniques to functionalize microspheres or micron-sized biomaterials with persistent anti-biofouling properties.

Recently, the slippery lubricant infusion porous substrate (SLIPS) has been reported to exhibit robust and persistent antiadhesion properties against various liquids including oil, organic solvents, blood, and water.^[@ref33]−[@ref35]^ The infused lubricants enabled the substrate to be wetted by other liquids, but readily repelled these liquids upon slight tilting because of the immiscibility between the infused lubricants and other liquids.^[@ref36],[@ref37]^ For example, Epstein et al. have demonstrated that SLIPS successfully prevented surface biofilm attachment,^[@ref38]^ and Ingber et al. developed SLIPS coating on medical devices, to inhibit thrombosis and biofouling.^[@ref39]^ On the other hand, most of the existing SLIPS-based materials were constructed on 2D substrates, and they could not be used as injectable biomaterials *in vivo*.

Inspired by the SLIPS, we developed the first case of injectable solid microparticles coated with a lubricating liquid surface. The lubricant-coated spiky microparticles (LCSMPs) possessed persistent and high anti-biofouling properties ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). The microparticles maintained a stable slippery liquid surface, and they were highly resistant to the adhesion of proteins, bacteria, and cells. One challenge to prepare stable microparticles with lubricant coating in water was that the microparticles might agglomerate because of the attractions between lubricant surfaces of different microparticles exceeding water--bead interactions. Recently, microparticles with surface nanospikes have been reported to display anomalous dispersity in unfavorable medium because the nanospikes significantly reduced the contact area between the particles.^[@ref40]^ Motivated by this phenomenon, microparticles were functionalized with nanospikes and fluorinated to entrap the lubricant. The nanospikes enabled the lubricant-coated microparticles to display anomalous dispersity in water, and it was highly stable for at least 14 days. Moreover, the LCSMP exhibited excellent long-term (\>7 days) resistance to the attachment of fluorescent proteins, bacteria (including *E. coli* and *S. aureus*), and mammalian cells both *in vitro* and *in vivo*. On the other hand, the conventional microparticles without lubricant coating were heavily biofouled. This technology may offer new avenues of creating novel injectable micron-sized biomaterials with persistent anti-biofouling properties.

![(a) Schematic diagram of the lubricant-coated spiky microparticles with biofouling-resistance, compared to conventional microparticles contaminated by biofouling including proteins, biological cells, and bacteria. (b) Schematic of the fabrication procedure of lubricant-coated spiky microparticles.](oc-2018-00605p_0001){#fig1}

Results {#sec2}
=======

The fabrication procedure of lubricant-coated spiky microparticles (LCSMPs) is illustrated in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b. Briefly, plain glass microparticles were drop-cast onto a substrate to form particle monolayers. The particles were coated with an 80 nm ZnO layer by sputtering, which served as seed layers for ZnO nanospike growth. ZnO nanospikes were synthesized on the particle surface via a hydrothermal approach, where the substrate combining particles was immersed into aqueous solutions containing 25 mM Zn(NO3)~2~ and 25 mM C~6~H~12~N~4~ at 90 °C for 1 h.^[@ref41]^ The SMPs were separated from the glass substrate by brief sonication, and collection followed ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). This method produced spiky morphologies on the glass microparticles, which were examined with scanning electron microscopy (SEM) as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a. On the basis of the SEM images, the glass microparticles with smooth surfaces were about 108 μm in diameter. After hydrothermal growth, ZnO nanospikes with lengths of 800 nm and diameters of 130--200 nm randomly protruded from the microsphere surface. For the functionalization of microparticles with affinity to lubricants,^[@ref38]^ the SMPs were conjugated with fluorinating reagents, triethoxy-1H,1H,2H,2H-tridecafluoro-n-octylsilane (TFOS), by incubating the microparticles with 2% TFOS in anhydrous heptane solution at 80 °C for 12 h. After the reaction was completed, the fluorinated spiky microparticles (SMP-Fs) were washed with acetone, dried, and redispersed in lubricants overnight to absorb lubricants to the microparticles surface. The ZnO nanospike structure on the particle might provide a larger active area and a staggered surface to entrap the lubricants, enabling a thin film of the lubricant-coated particle surface. Here, two representative lubricants, perfluorodecalin (biocompatible and FDA-approved, indicated by lubricant\#1) and perfluoropolyethers-90 (indicated by lubricant\#2) were employed. The microparticles were then separated from the lubricant solution by centrifugation and stored at room temperature for future applications.

![(a) SEM images of glass microparticles and spiky microparticles and the zoomed-in images of their surface structures. (b) Photographs showing the static contact angles of water (1--4), lubricant\#1 (5--6), or lubricant\#2 (7--8) drops on different microparticle films. (c) Diagram summarizing the static contact angles of water, lubricant\#1, and lubricant\#2 on different microparticle films. (d) Optical microscopy images show the dispersions of different types of microparticles including GMP, GMP-F, SMP, and SMP-F in water. Scale bar: 200 μm.](oc-2018-00605p_0002){#fig2}

The wetting behaviors of the microparticles with or without fluorination were examined by measuring their static contact angles to water and lubricating oils ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b), and the results are statistically shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c. The fluorinated spiky microparticles, or SMP-Fs, were drop-cast on a glass substrate and prepared as a uniform film. A similar procedure was applied to make thin films of microparticles including smooth glass microparticles (GMPs), fluorinated glass microparticles (GMP-Fs), spiky microparticles without fluorination (SMPs), and fluorinated spiky microparticles (SMP-F) as controls for wetting tests. The thin films of GMP and SMP without fluorination displayed contact angles of 122.0 ± 1.2° and 125.4 ± 1.5° to water, where the hydrophobicity may stem from the micro- or nanoscale features of the microparticle films. On the other hand, the fluorinated microparticle films exhibited superhydrophobicity, with contact angles of 151.0 ± 1.0° and 156.1 ± 1.0° to water for GMP-F and SMP-F, respectively ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c). The ZnO nanospikes slightly increased water contact angles of the microparticle thin film, which is consistent with previous reports that nanotopographical hierarchical features contributed to enhanced superhydrophobicity. Meanwhile, all the microparticle films exhibited ultrasmall contact angles (\<3°) to both lubricant\#1 and lubricatant\#2, indicating that the fluorinated microparticles were superphilic to lubricants. The SMP and GMP dispersed well, but hydrophobic GMP-F aggregated in water ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d), while superhydrophobic SMP-F still dispersed in water without forming aggregations. The anomalous dispersity of SMP-F in water was attributed to its unique nanospike structure which increased interparticle separation, and it is consistent with the previously observed anomalous dispersion phenomenon.^[@ref40],[@ref42]^

To verify the lubricating liquid coating on microparticles, we attempted to observe the liquid layer by specifically staining the liquid layer with a fluorescent dye. However, there are few fluorescent probes available to be dissolved in lubricants for specific staining. Thus, corn oil was employed as a substitute for lubricants to examine the presence of the liquid layer on the particle surface. Corn oil was stained with hydrophobic fluorescent dye and Nile red, and then coated onto fluorinated microparticles in a procedure similar to that used for lubricant coating. The fluorescent oil layer was observed to be uniform on the surface of both GMP-F and SMP-F ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a), suggesting that the hydrophobic oil was successfully immobilized onto the particle surface. The GMP-F coated with oil or lubricant exhibited severe aggregation in water due to the immiscibility of both oil and lubricants to water ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a,b). And the diagram summarizing the dispersity/aggregation profiles of different microparticles in water as shown in Figure 3c. However, neither oil nor lubricant coating induced particle aggregation on SMP-F, suggesting that the nanospikes prevented particle collision in water and resulted in the anomalous dispersion of microparticles even with a water-immiscible liquid surface ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a,b). Therefore, the surface nanospikes were essential to enable the distribution of lubricant-coated microparticles in water, which was a difficult task for conventional smooth microparticles.

![(a) Optical and fluorescence microscopy images show the corn-oil-coated GMP-F and SMP-F. The corn oil layers were stained with hydrophobic fluorescent dye, Nile red. Scale bar: 150 and 100 μm. (b) Optical microscopy images show the dispersions of different types of lubricant-coated microparticles including LCGMP\#1, LCGMP\#2, LCSMP\#1, and LCSMP\#2 in water. Scale bar: 200 μm. (c) Diagram summarizing the dispersity/aggregation profiles of different microparticles in water. (d) Statistical analysis and (e) fluorescence images showing the adhesion of FITC, FITC-BSA (both with green fluorescence), and fluorescent fibrinogen on different types of microparticles including GMP, SMP, SMP-F, LCSMP\#1, and LCSMP\#2. Scale bar: 100 μm. Error bar represents the mean ± SD. \* indicates statistically significant compared to the control groups (GMP, SMP, and SMP-F) at the level of *p* \< 0.05 using ANOVA followed by a post hoc test. *N* = 5.](oc-2018-00605p_0003){#fig3}

The adhesion of small molecules, proteins, mammalian cells, and bacteria to microparticles was subsequently tested to evaluate the anti-biofouling properties of the lubricant-coated spiky microparticles. A fluorescent molecule, fluorescein (FITC, MW = 389), was employed as the small representative molecule, while FITC-conjugated bovine serum albumin (FITC-BSA, MW∼66 kDa) and fluorescent fibrinogen (Fg) were used as the representative proteins.^[@ref34],[@ref43]−[@ref45]^ The absorbed amounts adhered to LCSMP after incubation for 24 h at room temperature were evaluated by fluorescence study. For a demonstration of the advantages of lubricant coating, GMP, SMP, and hydrophobic SMP-F were employed as negative controls. Representative fluorescence microscopy images showing the adhesion of FITC, FITC-BSA, and Fg onto different surfaces were presented ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}e). Additionally, the total fluorescence intensity was quantitatively analyzed using ImageJ software ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d). On the basis of the fluorescence images ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}e and [Figure S1.2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00605/suppl_file/oc8b00605_si_001.pdf)), all of the GMP, SMP, and SMP-F groups exhibited bright green fluorescence, indicating that FITC, FITC-BSA, and Fg were adhered onto these particles, regardless of whether the particle surface was smooth, nanostructural or hydrophobic. In significant contrast, the LCSMP groups, using either lubricant\#1 or lubricant\#2, displayed ultralow (reduced by at least 55 times compared to the SMP-F) fluorescent intensities compared to the background, suggesting that the lubricant on particle surface significantly inhibited the absorptions of small molecules and proteins. Protein adhesion on the particle surface is a critical step of initiating biofouling and triggering foreign-body responses, which is challenging for existing particles and coating methods. By preventing protein absorption, the superficial lubricant coating would be an ideal strategy to eliminate biofouling and cell or bacteria attachment to micron-sized particles. Furthermore, as shown in [Figure S1.3](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00605/suppl_file/oc8b00605_si_001.pdf), the coincubation of proteins (using glycose oxidase as example) with LCSMPs did not significantly affect the protein activity.

Given the robust capability of the lubricant surface to prevent protein adhesion, whether the lubricant coating could resist bacteria attachment or the formation of biofilm was investigated. The LCSMPs coated with both lubricant\#1 and lubricant\#2 were challenged with clinical pathogens *E. coli* and *S. aureus*, by incubating the microparticles with the bacteria in static culture media at 37 °C for 24 h.^[@ref38],[@ref46]^ Meanwhile, non-lubricant-coated microparticles including superficially nanostructural SMP and hydrophobic SMP-F were employed as control groups. The microparticles were then collected from the culture media for subsequent analysis of bacteria attachments. For a visualization of the adhesion of bacteria to the particle surface via fluorescence microscopy, *E. coli* inherently expressing green fluorescence was utilized, and *S. aureus* was labeled with green fluorescent dye before fluorescence microscopy. The green fluorescent intensities on microparticles, which indicated the degree of bacteria attachments, were quantified.

The fluorescence images of resulting bacterial adhesions are shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a. After 1 day of incubation, all of the non-lubricant-coated microparticles (both SMP and SMP-F) were heavily covered by bacteria, including either *E. coli* or *S. aureus* ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a and [Figure S2.1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00605/suppl_file/oc8b00605_si_001.pdf)). This result suggested that neither the superficial nanostructures nor the hydrophobic surfaces exhibited bacteria-resisting properties. In stark contrast, both LCSMP\#1 and LCSMP\#2 were almost dark and utterly devoid of green fluorescence, indicating a highly efficient inhibition of bacterial adhesion. The statistical results showed that the normalized fluorescence intensities of LCSMP groups significantly decreased to a value near zero (\<3), at least 80 times lower compared to the groups without lubricant coating ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b). The antiadhesive and mobile nature of the lubricating liquid surface might prevent bacteria from attaching to the slippery surface via pili or other cellular mechanism, leading to the effective inhibition of bacterial adhesion on LCSMP.

![Testing bacterial adhesion. (a) Fluorescence images and (b) statistical analysis show the adhesions of *E. coli* or *S. aureus* (both stained with green fluorescence) on different types of microparticles (outlined with white dash lines). Scale bar: 100 μm. Error bar represents the mean ± SD. \* indicates statistically significant compared to the control groups (GMP, SMP, and SMP-F) at the level of *p* \< 0.05 using ANOVA followed by a post hoc test. *N* = 5. (c) Fluorescence images show the viabilities of *E. coli* and *S. aureus* (live bacteria stained with green fluorescence and dead bacteria stained with red fluorescence) incubated with media containing lubricants for 24 h. Scale bar: 30 μm. (d) SEM images of the spiky planar substrate and the zoomed-in image of surface nanospikes. The optical images show that the lubricant-infused surface was highly slippery to water or oil droplets with SA \< 5°. (e) Fluorescence images show the attachments of bacteria (stained with green fluorescence) to different substrates. The sample substrate was indicated as the area "1", and the bottom surface of the well was indicated as the area "2"; the substrate boundary was highlighted with a dashed line. Scale bar: 30 μm.](oc-2018-00605p_0004){#fig4}

For an examination of whether the inhibition of bacterial adhesion of LCSMP was due to the cytotoxicity of the lubricating liquids, *E. coli* and *S. aureus* were incubated with media containing either lubricant\#1 or lubricant\#2 at a substantial percentage (20% v/v), respectively, and compared to a control medium group without any lubricant. Meanwhile, the LCSMP groups (LCSMP\#1 or LCSMP\#2) were incubated with either *E. coli*. or *S. aureus* media. After 24 h of incubation, the viability of the bacteria was evaluated by fluorescence microscopy, with all the bacteria stained with green fluorescent dye, SYTO-9, and dead bacteria stained with red fluorescent dye, propidium iodide (PI). Barely any red fluorescence associated with dead bacteria (less than 1%) ([Figures S2.3 S2.5](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00605/suppl_file/oc8b00605_si_001.pdf)) was observed for all the groups ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c, [Figures S2.2--S2.5](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00605/suppl_file/oc8b00605_si_001.pdf)), suggesting that the lubricants and LCSMPs were nontoxic to the bacteria. Also, to further study the antiadhesive properties due to the slippery lubricating surface, the attachments of the bacteria to lubricant-infused planar substrates were investigated. ZnO nanospikes were fabricated on a glass slide ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d), protected with an aluminum oxide layer to reduce the cytotoxicity of ZnO, and fluorinated to anchor the lubricants. The lubricant-infused surface was highly slippery to water or oil droplets with sliding angles (SAs) \< 5° ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d and [Figure S3.1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00605/suppl_file/oc8b00605_si_001.pdf)), which was hypothetically resistant to biofouling.^[@ref35]^ The planar substrate was incubated with either *E. coli* or *S. aureus* for 24 h in a well plate, and the bacteria were stained with green fluorescence for visualization. The media was replaced with fresh PBS before fluorescence microscopy to avoid background signals from the suspended bacteria. The adhesion of the bacteria to the substrate (indicated as area "1") was compared to that on the bottom surface of the well (indicated as area "2"), with the substrate boundary highlighted with a dashed line. The fluorescent image showed that both the planar substrate without lubricant-infusing (SPS) and the well substrate were heavily covered by bacteria ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}e and [Figure S3.2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00605/suppl_file/oc8b00605_si_001.pdf)). Conversely, unobvious fluorescence was observed on either lubricant\#1- or lubricant\#2-infused planar substrates (LCSPS\#1 or LCSPS\#2), in significant contrast to the strong fluorescence on the adjacent well substrate. These results further confirmed that the slippery surface inhibited bacterial adhesion.

For a demonstration of the resistance to mammalian cell attachment, LCSMP was incubated with an *in vitro* culture of HeLa cells at 37 °C for 24 h. Non-lubricant-coated microparticles including GMP, superficially nanostructural SMP, and hydrophobic SMP-F were utilized as control groups. After incubation, the cell nucleus was stained with Hoechst 33342 (blue fluorescence) to identify the cells. The microparticles were then collected from the culture media to analyze cell attachment via fluorescence microscopy. Similar to the bacterial adhesion experiment, HeLa cells adhered to all of the non-lubricant-coated microparticles including GMP, SMP, and SMP-F, while neither LCSMP\#1 nor LCSMP\#2 were attached by cells ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a and [Figure S4.1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00605/suppl_file/oc8b00605_si_001.pdf)). The number of fluorescent cells anchoring on particles was statistically analyzed ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b). The mean number of cells of LCSMP groups was less than 0.1, at least 43 times lower than the non-lubricant-coated particle groups. The results suggested that the microparticles might benefit from a slippery surface to resist mammalian cell attachments, which often played a critical role in triggering subsequent platelet activation and foreign-body reactions *in vivo*.

![Testing cell adhesion. (a) Fluorescence images and (b) statistical analysis show the adhesions of HeLa (nucleus stained with blue fluorescence) on different types of microparticles (outlined with white dash lines). Scale bar: 100 μm. Error bar represents the mean ± SD. \* indicates statistically significant compared to the control groups (GMP, SMP, and SMP-F) at the level of *p* \< 0.05 using ANOVA followed by a post hoc test. *N* = 10. (c) Fluorescence images show the viabilities and spreading profile of HeLa (live cells stained with green fluorescence and dead cells stained with red fluorescence) incubated with media containing lubricants or oil for 24 h. Scale bar: 30 μm. (d) Fluorescence images show the attachments of cells (stained with green fluorescence) to different substrates. The images were focused on either the substrate top surface or the well bottom surface. The sample substrate was indicated as the area "1", and the bottom surface of the well was indicated as the area "2"; the substrate boundary was highlighted with a dashed line. Scale bar: 30 μm. (e) The results of the *in vivo* implantation tests of microparticles are shown. The microparticles were intraperitoneally implanted into C57BL/6J mice for 7 days. Optical and fluorescence images show cell adhesions (blue fluorescence) on the retrieved GMP, LCSMP\#1, and LCSMP\#2. Scale bar: 100 μm.](oc-2018-00605p_0005){#fig5}

Furthermore, cellular cytotoxicity of the present lubricants was evaluated by incubating HeLa cells with media containing a substantial percentage (20% v/v) of lubricants; meanwhile, cellular cytotoxicity of the LCSMPs was evaluated by incubating HeLa cells and then staining the cells to reveal whether they are alive or dead. The live cells were stained with green fluorescent calcein AM, and the dead cells were stained with red fluorescent PI. After 1 day of incubation, the cell viabilities were not compromised by the presence of lubricants or LCSMPs since sparse red fluorescent cells were observed (\<5% or 3%) ([Figures S4.3--S4.5](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00605/suppl_file/oc8b00605_si_001.pdf)). However, the cells agglomerated rather than spread on the lubricant surface at the bottom ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c and [Figure S4.2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00605/suppl_file/oc8b00605_si_001.pdf)), suggesting that the slippery lubricating surface inhibited the adhesion and spreading of cells. This finding is in significant contrast to the spreading behaviors observed in cells incubated in media without lubricant, or in media containing corn oil since corn oil was floating on the water surface instead of presenting itself at the well bottom to influence cell spreading. The attachments of the cells (stained by green fluorescence) to lubricant-infused planar substrates (LCSPSs) were investigated by culturing HeLa cells on top of the substrates in the well plate. The adhesion of the cells to the substrate (area "1") was compared to that on the bottom surface of the well (area "2"), with the substrate boundary highlighted with a dashed line. The fluorescence on the substrate top surface or the bottom well surface was imaged separately since the monolayer of fluorescent cells was not in the same focal plane. After 24 h of culture, both the planar substrate without lubricant-infusing (SPS) and the bottom well were densely covered by cells, while the lubricant-infused substrate (both LCSPS\#1 and LCSPS\#2) did not show cell attachment ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d and [Figure S3.3](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00605/suppl_file/oc8b00605_si_001.pdf)). These results demonstrated that the slippery surface effectively prevented cell adhesion as well as cell spreading. Note that the bacteria survived well on the well substrate; this further confirmed that lubricant was not released from the substrate surface to induce cellular cytotoxicity.

Microparticles were implanted in the intraperitoneal space of immunocompetent C57BL/6J mice to investigate whether the LCSMP could reduce cell adhesions and fibrosis *in vivo*. After 7 days, the microparticles were retrieved and evaluated on the cellular overgrowth and fibrosis. The adhering cells were stained with Hoechst 33342 (blue fluorescence) for identifying ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}e). GMPs were utilized as the control group, which were found to be densely covered by adhering cells and aggregate, indicating significant fibrosis formation. In contrast, both LCSMP\#1 and LCSMP\#2 remained mostly clean, with a few cells adhering on the particles. These results suggested the LCSMP could prevent cell adhesion not only *in vitro* but also *in vivo* and hence reduce fibrosis formation, which was a challenging task for most existing implantable materials.

Microparticles with persistent anti-biofouling properties are highly desirable, yet challenging to achieve with conventional techniques.^[@ref38]^ Here, the stability and the long-term anti-biofouling properties of the as-prepared LCSMP were explored. First, SMP-F coated with Nile red-stained corn oil as a substitute for lubricant still exhibited visible red fluorescence uniformly surrounding particles after storage in water for 14 days ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a). This finding suggested that the immobilization of the mobile oil liquid on the solid particle surface was stable in aqueous solution. Meanwhile, the nanospikes persistently provided anomalous dispersity to LCSMP; both LCSMP\#1 and LCSMP\#2 were dispersible in water after 14 days of storage ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a). LCSMP's adhesion to proteins, bacteria, or mammalian cells on particles was investigated to demonstrate its long-term anti-biofouling properties. LCSMPs, as well as non-lubricant-coated particles, were each incubated with media containing either FITC-BSA, *E. coli*, *S. aureus*, or HeLa cells for 7 days. The FITC-BSA, *E. coli*, and *S. aureus* were labeled with green fluorescence, while HeLa cell nuclei were stained with blue fluorescence. The fluorescence images show the adhesion results of protein ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b and [Figure S5.1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00605/suppl_file/oc8b00605_si_001.pdf)), bacteria ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c and [Figure S5.2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00605/suppl_file/oc8b00605_si_001.pdf)), or cell ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}d and [Figure S5.1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00605/suppl_file/oc8b00605_si_001.pdf)) to the particles, and the fluorescent intensity of each group was statistically analyzed. All of the non-lubricant-coated groups including GMP, SMP, and SMP-F were heavily covered by green fluorescent FITC-BSA, *E. coli*, *S. aureus*, or blue fluorescent HeLa cells. In significant contrast, all of the lubricant-coated microparticles (both LCSMP\#1 and LCSMP\#2) were almost dark or barely fluorescent. The adhesion levels of proteins, bacterial, or cells were inhibited to be \<5% compared to the non-lubricant-coated groups. These results demonstrated that the LCSMP persistently exhibited anomalous dispersity in water while maintaining a robust lubricating liquid layer on the surface. LCSMP achieved long-term inhibitions to the adhesion of proteins, bacteria, as well as mammalian cells. Furthermore, LCSMPs persistently exhibited anomalous stability and biofouling-resistance even in dynamic conditions ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00605/suppl_file/oc8b00605_si_001.pdf)).

![Assessing of the long-term stability and biofouling-resistance of LCSMP. (a) Optical and fluorescence images show that the SMP-F coated with Nile red-stained corn oil still exhibited visible red fluorescence after storage in water for 14 days, while the LCSMPs were still dispersible in water after 14 days of storage. Fluorescence images and statistical analysis showing the adhesions of (b) FITC-BSA (green fluorescence), (c) *E. coli* or *S. aureus* (both stained with green fluorescence), or (d) HeLa (nucleus stained with blue fluorescence) on different types of microparticles (outlined with white dash lines) after 7 days of incubation. Scale bar: 100 μm. Error bar represents the mean ± SD. \* indicates statistically significant compared to the control groups (GMP, SMP, and SMP-F) at the level of *p* \< 0.05 using ANOVA followed by a post hoc test. *N* = 10.](oc-2018-00605p_0006){#fig6}

Conclusion {#sec3}
==========

In summary, we have developed a unique strategy to coat injectable micron-sized particles with slippery lubricating liquid, which possessed persistent anti-biofouling properties. To the best of our knowledge, the LCSMP was the first case of solid microparticles with an immobilized liquid surface. The microparticles were covered with nanolength spikes, which stably entrapped the lubricant and enabled the particles to demonstrate anomalous dispersity in the water despite the attractions between the microparticles. In contrast, conventional smooth microparticles coated with lubricants severely aggregated in water (SI, [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00605/suppl_file/oc8b00605_si_001.pdf)). The LCSMP displayed excellent long-term antiadhesive properties to protein, cells (both *in vitro* and *in vivo*), and bacterial adsorption (SI, [Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00605/suppl_file/oc8b00605_si_001.pdf)). Its anti-biofouling property was highly robust and durable. This technology may introduce a new class of injectable anti-biofouling microparticles or biomaterials with reduced risks of adhesion-mediated platelet activation, inflammation cascades, or pathogen-mediated infectious diseases. This discovery can potentially eliminate the need to suppress inflammation or infections with anti-inflammatory, anticoagulant, or antibiotic medications following the injection of micro-biomaterials.
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